Statistical analysis of the strength of porcelain tableware is very important; however, there are few reports on impact strength of product wares. In this research, the impact strength of commercial reinforced porcelain plates were measured using pendulum-type impact tester based on an ASTM C368. Statistical dispersion of the impact strength was analyzed for many types of reinforced porcelain tableware. The mathematical distribution of the impact strength could be estimated with a normal distribution. The statistical dispersion of the impact strength showed the same tendencies, regardless of the tableware shape or the mean impact strength value. The median coefficient of variation, (Standard deviation)/(Mean impact strength), was 0.118. Details of the destruction of reinforced porcelain tableware were studied by observations of the fractured surfaces.
Introduction
Porcelain tableware requires higher strength for use in automatic dishwashers. Increase in the mechanical strength of porcelain has eliminated the fracture of porcelain tableware used for school lunches in Japan. Many reinforcement methods have been studied, 1)-8) and Kobayashi et al. successfully prepared reinforced porcelain having a bending strength greater than 300 MPa by the addition of alumina particles, fine pulverization of raw material, and introduction of high compressive stress into a glaze layer. These studies focused on the mechanical strength of the body and glaze. It is well known that the distribution of the impact strength values of final reinforced porcelain products is wider than that of the bending strength. 9) Therefore, a statistical analysis of the impact strength of reinforced porcelain products is also very important. There are, however, only a few reports on the statistical analysis of the impact strength of porcelain products. Moreover, there is no authorized measurement method for the impact strength of reinforced porcelain tableware.
The authors have already reported on the impact strength of alumina reinforced porcelain tableware using a pendulum-type impact test apparatus, which was specified by ASTM-C368 10) for impact resistance of ceramic tableware. This is the most commonly used impact test apparatus for porcelain tableware in Japan. In case of the reinforced porcelain bowl, the impact strength statistical dispersion was expressed approximately by a normal distribution, and more than 10 samples were required for good measurement accuracy. In that case, the mean impact strength of the reinforced porcelain bowl was 0.24 J, and the crack patterns of the failed sample were simple. On the other hand, reinforced porcelain plates showed higher impact strength and the crack patterns of the failed sample were very complex, compared with those of a reinforced porcelain bowl. The remarkable difference in the failure pattern between stronger and weaker tableware was whether a broken chip like a Hertzian corn 11) appeared near the impact point or not. The Hertzian cone is one of the typical failure patterns of brittle materials, and is the round cone crack which spreads from an impact point.
In this study, the impact strength of alumina-reinforced porcelain tableware were measured, and the statistical dispersion of the impact strength was examined by statistical analysis. Moreover, the distribution of the statistical dispersion of the impact strength was estimated for many types of reinforced porcelain tableware manufactured by several porcelain companies. The details of the fracture patterns of reinforced porcelain tableware were also determined from the observation of the fractured surface.
Experimental procedure

Impact strength test
The impact strength of commercial reinforced porcelain plates were measured using the ASTM-type impact tester. Figure 1 shows a schematic illustration of the impact test. The impact test procedure is as follows. At first, a specimen is set so that the cylindrical surface of the pendulum tup just touches the rim of the specimen, while a hammer was hanging free. Then, a specimen is impacted repeatedly with increasing hammer energy, until the specimen fractured. The impact strength value is the hammer energy when a fracture occurs in a specimen. The arm length of pendulum hammer is 377 mm and the weight of test hammer is 156 g, so that the hammer moment is 0.58 J. When the pendulum hammer is lifted up at the highest position, the maximum energy of the hammer is 0.85 J and the maximum speed was 3.28 m/s. A backstop with an angle of 120° restrained the specimen in a horizontal direction, but the specimen was not restrained in the vertical direction.
Fractographic analysis
As many fragments of the sample fractured by the impact test were collected as possible, and were reconstructed. The branch-ing or radiating patters of the cracks were examined. The fractured surfaces were observed using a metallurgical microscope (BX60M, OLYMPUS Co.).
Results and discussion
Distribution of the impact strength for reinforced porcelain plates
Two types of statistical analyses were performed in this study. The object of first analysis was to establish a mathematical distribution model of the impact strength for strongly reinforced porcelain tableware. In this analysis, the impact test was performed with initial impact energy of 0.10 J, and the impact energy was increased in the increment of 0.010 J until initial fracture. From the impact strength test for the commercial reinforced porcelain plates (number of specimens = 100), the maximum, the minimum, and mean values of the impact strength were determined to be 0.735, 0.405, and 0.59 J, respectively. Figure 2 shows the histogram of the frequency distribution of the measured impact strength and the line chart of the theoretical frequency of a normal distribution. From Sturges's formula, 12 ) the number of class κ was calculated using the following equation
(n = the number of samples) Since the n value was 100 in this experiment, the number of class κ of the histogram was calculated to be 8.
The histogram of the frequency distribution of impact strength showed almost a symmetrical distribution. Then, the goodness of the fit test to the normal distribution of the observed frequency was performed by the chi-square test. Test statistic χ 0 2 can be calculated by comparing the observed frequency with the theoretical frequency in each class. Fig. 2 had small theoretical frequencies; these two classes were combined with the next series, and the number of classes was set as 6. The calculated test statistic value of χ0 was 1.95. For six classes and a 10% significance level, χ equaled to 6.25. The χ0 value was sufficiently less than the significance level. Therefore, we cannot reject the null hypothesis that the distribution of the impact strength is estimated with a normal distribution. In other words, the application of normal distribution to the analysis of the impact strength is reasonable.
The size and weight of products fluctuate considerably depending on the complex manufacturing process of reinforced porcelain tableware. The impact strength is influenced by the distributions of various factors, such as the material strength, thickness, and shape distortion of products. Therefore, the distribution of the impact strength is approximated by a normal distribution.
Strength distribution of the various commercial reinforced porcelain tableware
A second object of statistical analysis is to elucidate the distribution of impact strength of various commercial reinforced porcelain products. Despite of the wide statistical dispersion of impact strength, only an average value of the impact strength has been reported. For product quality management and fair trade, the statistical dispersion of the impact strength is very important. In this section, 246 items of commercial reinforced porcelain tableware were collected and the impact test was performed using 10 specimens for each items. Table 1 shows the details of the 246 items. All the items were round in shape. Items had 65 types of reinforced porcelain plates and 181 types of bowls used 
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for school lunches in Japan. The impact strength test was performed using the initial hammer energy of 0.027 J, and hammer energy was increased in the increment of 0.014 J until initial fracture. The impact strength of reinforced porcelain tableware can be approximated by the normal distribution, so the statistical dispersion of the impact strength was investigated based on the standard deviation, which was dependent on the mean impact strength. In order to compare the statistical dispersion for each group of samples with different mean impact strengths, a coefficient of variation (standard deviation (σ )/mean impact strength (μ)) is convenient. Figure 3 shows the distribution of a coefficient of variation σ /μ for the plates and bowls. It is clear that the distribution of σ /μ for the plate is almost the same as that for the bowl. This shows that the difference in the shape of the plate and the bowl never affect a value of σ /μ. The shape profile of the distribution of σ /μ in Fig. 3 is asymmetrical and its right side tail is longer. In this case, the mean value is greater than median value. The median of all σ /μ values was 0.118. For the present study, this value is a standard σ /μ value of the impact strength of commercial reinforced porcelain tableware.
Relation between the impact strength and its σ /μ
To clarify the relationship between the impact strength and its statistical dispersion, all impact strength data were categorized into three groups, (1) weak, (2) middle, and (3) strong, and compared with each other according to the impact strength. Figure 4 shows the relation between the impact strength and σ /μ of all samples. Each group had 82 data points, and the range of the mean impact strength of group (1) was 0.13 to 0.31 J, group (2) was 0.31 to 0.43 J, and group (3) was 0.43 to 0.77 J. The maximum and minimum values of σ /μ in each group were similar. The average values of σ /μ in each group were reduced slightly with increasing impact strength. However, the change is small compared with the difference in the maximum and minimum σ /μ in each group. Figure 5 shows the crack pattern for a reinforced porcelain bowl fractured by the impact test at a hammer energy of 0.22 J. Figure 6 shows the crack pattern of a plate fractured at a hammer energy of 0.51 J. Although the bowl and plate had the same distribution of σ /μ, the crack patterns of the specimens were quite different.
Crack pattern of the bowl and plate
In Fig. 5 , a straight line crack was observed on the inside surface, far from the impact point. This pattern shows that the initial crack starts at a rim of bowl, and then branched into two ways. This crack branching pattern is similar to typical failure patterns of glass produced by tensile stress.
13) The initial fracture of the reinforced porcelain bowl was initiated by tensile stress, which was induced on the inside surface by deformation of the bowl.
On the other hand, the crack pattern of the plate in Fig. 6 (a) is more complicated. Many radial cracks spread from impact point, and these cracks can be classified into two groups. In Group 1, the cracks branch between fragments A and B, and in Group 2, cracks branch near the impact point. In Fig. 6(a) , when the fragments A and B were chipped away from the rim by the impact, the fracture pattern like a Hertzian corn appeared as shown in Fig. 6(b) . In this case, it is very difficult to identify the failure origin from the crack pattern. 
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3.5 Fractographic analysis of the reinforced porcelain plate Figure 7 shows the fracture surface of the reinforced porcelain plate near the impact point, and the cross section of the Group 1 crack in Fig. 6(a) . This cross section consists of 3 fragments. Hackles 14) spread radially from the opposite side of the impact point, and the failure origin can be clearly recognized on the inside surface. A continuation of the fracture surface pattern between fragments A and C indicates that the initial crack was produced in this fracture surface by the impact test. The fragment A chipped away after the initial crack propagation. Figure 8 shows a metallurgical microscope photograph of the fracture surface near the failure origin of the reinforced porcelain plate. In the glaze layer, many wake hackles 15) were observed. A wake hackle is a crack that extends from the impurities in glass, such as air bubbles. When an air bubble exists ahead of the crack front, it divides the crack front in two directions, then these crack fronts join behind the air bubble. Here, the two divided crack fronts produce a slight level difference at passing the air bubble. The air bubble creates a line in the crack propagation direction until the level difference disappears and cracks overlap. These wake hackles were also observed by Kobayashi. 2) Therefore, a wake hackle shows the direction the crack progress. In Fig. 8 , the wake hackles spread radially from a point near the interface between the glaze and porcelain body. This shows that the failure originated at a pore near the interface. Figure 9 shows a metallurgical microscopic image of fragment C in Fig. 7 . The angle of the wake hackles in the inner glaze layer is about 30° to the failure progress direction. On the other hand, the wake hackles in the outer glaze layer are vertical to the direction of failure propagation. The difference in the direction of the wake hackle shows that the crack front is curving to the failure progress direction. Since the direction of wake hackles in the inner glaze layer is close to the failure progress direction, it is clear that the initial crack progressed near the interface between the inner glaze layer and the porcelain body, as indicated by arrow A in this figure. The initial crack propagated to both glaze surfaces from this interface, as indicated by arrows B.
The details of the failure of the reinforced porcelain plate characterized by observation of wake hackles of the glaze layer are summarized in Fig. 10 . The failure originates near the inner surface of the plate, which is opposite the impact point, and cracks labeled 1 occur first. In the case of a large impact energy, cracks labeled 1 cannot absorb the hammer energy, and the failure progresses to the next stage. Fragments A and B are chipped by contact stress of the hammer because the hammer energy concentrates on impact point. Then, cracks labeled 2 progress from near the impact point by flexure stress produced by the follow through of the hammer. Both sets of cracks (labeled 1 and 2) progress near the inner surface. In the final stage of failure, cracks labeled 3 branch from cracks labeled 2. These cracks labeled 3 branch due to tensile stress produced on the outer surface by deformation of the plate, and cracks labeled 3 progress near the outer surface.
Although the crack propagation pattern of the plate is complicated, the cause of the initial failure is tensile stress introduced on the inside surface.
The maximum hammer speed of the impact tester used in this research is 3.28 m/s, and the tensile stress caused the impact failure for almost all the reinforced porcelain tableware at this hammer speed. Therefore, the σ /μ distribution of the impact strength of the reinforced porcelain tableware show a single tendency despite differences in the tableware shape or mean impact strength, because the cause of the initial failure style is the same.
Conclusions
From the results of the impact test for a variety of reinforced porcelain tableware, it could be concluded that the distribution of the impact strength could be expressed by a normal distribution. Coefficient of variation (Standard deviation)/(Mean impact strength) of the impact strength was almost 0.118, regardless of the tableware shape or mean impact strength. The failure pattern became more complicated with increasing impact strength, but the mechanism of the initial failure was the same. In impact testing, the main factor of the failure initiation of the reinforced porcelain was the tensile stress produced by the deformation of the tableware at impact.
